Binding of a neurotransmitter to its ionotropic receptor opens a distantly located ion channel, a process termed allosteric activation. Here we review recent advances in the molecular mechanism by which the cys-loop receptors are activated with emphasis on the best studied nicotinic acetylcholine receptors (nAChRs). With a combination of affinity labeling, mutagenesis, electrophysiology, kinetic modeling, electron microscopy (EM), and crystal structure analysis, the allosteric activation mechanism is emerging. Specifically, the binding domain and gating domain are interconnected by an allosteric activation network. Agonist binding induces conformational changes, resulting in the rotation of a β sheet of aminoterminal domain and outward movement of loop 2, loop F, and cys-loop, which are coupled to the M2-M3 linker to pull the channel to open. However, there are still some controversies about the movement of the channel-lining domain M2. Nine angstrom resolution EM structure of a nAChR imaged in the open state suggests that channel opening is the result of rotation of the M2 domain. In contrast, recent crystal structures of bacterial homologues of the cys-loop receptor family in apparently open state have implied an M2 tilting model with pore dilation and quaternary twist of the whole pentameric receptor. An elegant study of the nAChR using protonation scanning of M2 domain supports a similar pore dilation activation mechanism with minimal rotation of M2. This remains to be validated with other approaches including high resolution structure determination of the mammalian cys-loop receptors in the open state.
Introduction
The cys-loop receptor family of ligand-gated ion channels has a signature cysteine loop in the amino-terminal domain. This family includes nicotinic receptors (nAChRs), serotonin receptor type 3 (5-HT 3 R), γ-aminobutyric acid receptors type A and C (GABA A/C ), glycine receptors, zinc-activated cation channel, and invertebrate glutamate/ serotonin-activated anionic channels or GABA-gated cation channels [1] [2] [3] . Recently, prokaryotic proton-gated ion channels are also considered to be in the same family although they are devoid of the signature cysteine loop [4] . All cysloop receptors are allosteric proteins, in which binding of agonist to the binding pocket in the subunit interface of the extracellular amino-terminal domain controls the distantly located channel domain to open the pore [1] . This long range coupling between binding pocket and the gating machinery Review requires an interconnected allosteric network, through which the binding energy can be transduced to the gating energy to open the channel [5] . Accumulating evidence suggests that the activation mechanisms of this receptor family are likely to be very similar. Thus, we review the activation mechanism of the cys-loop receptor family in general with emphasis on nAChRs.
Kinetic models for channel activation
Activation of a ligand-gated ion channel includes binding and gating steps ( Figure 1A ) [6] . The Hill slope of dose-response relationships of most heteromeric cys-loop receptors is greater than one, suggesting at least two binding steps for the receptor activation ( Figure 1B ) [7] . However, radio ligand binding studies revealed that receptor binding affinities are usually in the nanomolar range, whereas current activations require agonist concentrations in the micromolar range. This long puzzled discrepancy between binding and functional studies is now known to be the result of the difference in functional states of receptors under distinct experimental conditions. Binding measures receptor affinity mainly in the high affinity desensitized state where receptor-ligand interaction has reached equilibrium, whereas electrophysiological recording measures the receptor response at the time of peak current [8] . In fact, binding and gating are mutually coupled [9] , except when receptor is in the desensitized state. The binding can influence channel gating, and gating can also alter binding affinity. In the case of a non-desensitizing GABA C receptor, channel opening can increase binding affinity to such an extent that it appears to lock the agonist in the binding pocket [10] . Desensitization can even increase the binding affinity further for desensitizing receptors [8] . In addition, the gating influence on binding is further supported by the fact that mutations of gating residues in the pore-lining domain can alter the agonist sensitivity of receptors [11] [12] [13] . Thus, channel gating involves global conformational changes from the binding pocket to the gating machinery. This phenomenon can be well described by Monod-Wyman-Changeux allosteric activation (MWC) model [1, 14, 15] ( Figure 1C ). Excellent agreement of experimental data to the MWC model further strengthens this conclusion [13] . A recent study with comparison of the effects of partial agonists and full agonists on channel gating suggested that the increase in binding affinity and channel gating are not a single step. It can be further divided into two sequential steps: the conformational change in the binding domain and then channel opening [16] . That is, there is an intermediate state, termed "flip state", with the receptor binding domain switching to a high affinity state before channel opening ( Figure 1D ). In summary, kinetic studies revealed that binding and gating are coupled with mutual influence with each other. However, the coupling between binding and gating is not a single step through a single rigid body. Instead, activation involves binding, sequential conformational change(s), and gating.
Functional domains of the cys-loop receptors
Binding pocket Structure-function studies in the last two decades with combined techniques such as site-directed mutagenesis, photoaffinity labeling, and structural analysis based on electron microscopic (EM) images of tubular arrays of receptors have shaped a structural model for the cys-loop receptors. To date, the best-studied cys-loop receptor is nAChR. The agonist binding sites of the muscle type nAChR are formed in the extracellular amino-terminal domain at subunit interfaces between α and non-α subunits, whereas the binding sites for neuronal type nAChRs are formed in the subunit interface between α and β subunits for heteromeric receptors or between two α subunits in homomeric receptors [17] . Affinity labeling and site-directed mutagenesis have provided extensive evidence about the agonist binding site. Six loops, designated A through F, appear to participate in formation of the agonist binding pocket [17] . Residues from loops A [18] , B [19] , and C [20] [21] [22] of the α subunit and residues from loops D [23, 24] , E [22, 25] , and F [26] [27] [28] from another subunit contribute to the formation of the binding pocket in the subunit interface.
The model of the agonist binding pocket was further validated and extended by high resolution crystal structures of homologous acetylcholine binding proteins, AChBPs [29] [30] [31] [32] and 4 Å resolution EM structure of the Torpedo nAChR. In this structural model, the receptor has five subunits with the agonist/antagonist-binding pocket located at the subunit interface (Figure 2A ). In the heteromeric nAChRs, there are two binding pockets located in the two subunit interfaces [6] , typical for all heteromeric cys-loop receptors. However, homomeric receptors have potentially 5 binding steps. In some homomeric receptors (if not all), such as ρ1 GABA C receptor, three bindings are needed to induce significant channel openings [75] ; (C) Monod-Wyman-Changeux allosteric activation (MWC) model [13, 14] ; (D) adapted flip model from Lape et al [16] . Note that the grayed out states are rare and thus omitted in original scheme. In all models (A−D), A represents agonist; R is receptor; F is flipped state of the receptor; R* is the receptor in open state. All open states and flipped states are high affinity states, whereas resting states are low affinity states. between α and non-α subunits. For heteromeric GABA A receptors, two binding pockets are located between β and α subunits. Note that the β subunit of GABA A receptor is equivalent to the α subunit in nAChR, whereas the α subunit of GABA A receptor is in the position of the β subunit in neuronal nAChRs. For homomeric cys-loop receptors, such as α7 nAChR, ρ1 GABA receptor, α1 glycine receptor and 5-HT 3Α receptor, there are 5 potential binding pockets in all five subunit interfaces. All previously identified binding loops (A through F) can be mapped onto the structural model. Loops A, B, and C from one subunit form the principal face of the binding pocket. Loops D, E, and F contributed by an adjacent subunit form the complementary face of the pocket ( Figure 2B ).
Gating machinery The channel domain is formed by transmembrane domains (M1-M4). Studies using sitedirected mutagenesis and ultrastructural analysis have identified the second transmembrane domain (M2) as the pore-lining domain in the cys-loop receptors. Hydrophilic substitutions of the conserved leucine in the mid-point of the M2 domain dramatically influence channel gating kinetics, increase agonist sensitivity, and create spontaneous opening channels in several members of the cys-loop receptors [11] [12] [13] [33] [34] [35] [36] [37] [38] [39] . Although earlier studies using cysteine accessibility test suggested that the gate is in the intracellular end of M2 [39, 40] , it is now clear that the accessibility of these residues in the intracellular end of M2 in the absence of agonist is due to spontaneous opening of the M2 mutant channel [41] . The EM structure of the Torpedo nAChR at 4Å resolution finally confirmed that the M2 domain is lining the pore, and that the gate is formed by the hydrophobic interactions between amino acid residues in the middle of the M2 domains [42] ( Figure 3 ). Mutagenesis studies also revealed that structural elements to control ionic selectivity and single channel conductance are located in the intracellular end (the beginning) of the M2 domain.
Coupling region Using correlated mutational analysis, we have identified an allosteric network connecting the binding pocket to the gating machinery in the cys-loop receptor family ( Figure 4A , 4B) [5] . Through this network, binding energy can be transduced to the gating energy to open the channel. The key coupling region in this allosteric network is in the interface between amino-terminal binding domain and transmembrane gating domain for each subunit. A study using a chimeric receptor with AChBP and channel domains of 5HT 3 R revealed that the coupling interface requires matching of three loops (loop 2, loop 7, and loop 9) from the amino-terminal domain and one loop (M2-M3 linker) from the transmembrane domain for the receptor to be functional [43] . Additionally, a region in pre-M1 and the beginning of M1 that covalently links the amino-terminal domain to the transmembrane domain, is also important in channel gating ( Figure 4C ) [44] .
Activation mechanism
As stated in the beginning, activation of the cys-loop receptor family includes binding, conformational changes, and gating steps. Briefly, agonist binding in the binding pocket of the amino-terminal domain initiates a conformational change, which then propagates to the gating machinery Crystal structure of the AChBP as a structural model of the amino-terminal domain of cys-loop receptors (created from 1I9B [30] ). through the coupling region to open the channel. Propagation of "conformational wave" from the binding to channel gate is not a single step. It has been studied with single channel analysis and linear free energy relationship of gating rate constants by different mutations at each position. The results have suggested that there is a gradient change in the Φ slope factor of the linear free energy relationship, derived from the channel gating constants (opening and closing rates) of the mutations at each position, along the activation pathway [45] . Further analysis revealed that the gradient change in allosteric activation network is not continuous. Instead, it can be divided into several clusters based on their values of Φ slope factor. All positions in each cluster have similar Φ values, suggesting that the residues in each cluster influence channel gating similarly. In other words, each cluster probably moves as a rigid body, with synchronous movement of all residues in the cluster. It is also suggested that all residues in each cluster are coupled tightly, and conformational changes between clusters are coupled less tightly. In this scenario, the conformational change induced by agonist binding would stepwisely propagate toward the channel through discrete modules in the amino-terminal domain and finally to the gating machinery to open the channel [46] . This mechanism is further supported by a recent single channel analysis of partial agonist activation, which further revealed that there is a conformational change, termed flip conformation, preceding the channel opening [16] . The flip conformation clearly changes binding affinity before channel opening. Partial agonists have less ability to convert the receptor to the flipped high affinity state than full agonists. However, once flip conformation occurs, partial agonists and full agonists gate the channel very similarly. In the following section, we will present the detailed mechanism for this allosteric activation process.
Conformational changes in the amino-terminal domain Based on the 4Å EM structure of Torpedo nAChR and comparison between α and non-α subunits, Unwin and colleagues proposed that the activation mechanism of the receptor involves agonist-induced clockwise rotation (viewed from the extracellular end) of the inner sheets in the amino-terminal domains of two α subunits. This rotation of the amino-terminal domain is then translated into the rotation of the M2 domain by direct coupling between the bottom of the inner sheet (loop 2) and top of the M2 domain (or beginning of M2-M3 liker) ( Figure 5 ). However, this proposed mechanism is not based on the agonist-induced structural change. The agonist-induced structural change in the amino-terminal domain is best demonstrated in the crystal structures of AChBPs. When an agonist co-crystallized with the receptor, it induces an inward movement of loop C (also called loop C capping) to tighten the binding pocket ( Figure 6 ) [31, 32] . This could be related to the increased binding affinity during channel activation [10] . New hydrogen bond formation between Y185 in loop C and K139 in β7 strand (connecting to cys-loop) in the nicotine bound state of an AChBP may suggest initial coupling. In the case of muscle type nAChR, single channel analysis demonstrated that mutations of αY190 [47] or αD200 [48] can influence channel gating. Mutant cycle analysis further revealed that αY190 (homologous to Y185 in AChBP) is coupled to αK145 Figure 5 . M2 rotation hypothesis [42] . Agonist binding induces a rotation of the inner sheet of the amino-terminal domain, which is coupled to the M2 transmembrane domain through the interaction between loop 2 in amino-terminal domain and M2-M3 linker from the transmembrane domain (created from 2BG9 chain A). 2BYN ), epibatidine (agonist)-bound state (green, from 2BYQ) and ImI (antagonist)-bound state (blue, from 2BYP). Three crystal structures were loaded to Swiss PDB viewer 3.7 and fitted with magic fit function. The red box is the location of loop C from one subunit for all three structures. (B) close look of agonist and antagonist-induced movement in loop C [32] .
(homologous to K139 in AChBP) when an agonist binds to the receptor after disrupting the salt-bridge between αD200 in loop B and αK145 in β7 strand in the resting state [49] . Interestingly, in a GABA A receptor, similar charge interaction between homologous residues (βE153 is at homologous position as αK145, and βK196 is at homologous position of αY190) is critical for channel activation, although with charges reversed [50] . Thus, while there are some variations in detailed interactions, the general mechanism of activation is conserved in the cys-loop receptor family. In addition, in GABA A receptors, another negatively charged residue in loop B (βE155) is also an important determinant for channel gating. Mutation of this residue created spontaneously opening channels, suggesting it may also serve as a trigger for channel activation [51] . Since the conformational change of the receptor can be divided into blocks, it is likely that E155 and E153 are in the same rigid body. Loop C also interacts with loop B for the allosteric channel gating through a backbone hydrogen bonding [52] . Another significant change in the crystal structure of AChBP upon agonist binding is in the binding loop F [31] . The conformational change of loop F during channel activation is further supported by increased photolabeling of loop F in the α1 subunit of nAChR in the open state, although the direction of the movement is not completely clear [53] . Mutation of a loop F residue (εD175N) of nAChR clearly influences channel gating, suggesting the importance of the loop F in channel activation [54] . In the ρ1 GABA C receptor, the outward movement of the lower part of loop F is supported by cysteine accessibility test and fluorescence detection, which is partially coupled to the channel gating as assessed by sensitivity of agonist-induced fluorescence change to a non-competitive antagonist [55] . Since one arm of loop C is linked to the bottom of loop F, it is possible that loop C inward movement would pry the bottom part of loop F in the same subunit and create an outward movement of it. In addition, upon agonist binding, the backbone of αS191 in loop C can form a hydrogen bond with an aspartate residue (γD174/δD180) in loop F of the complementary face of the muscle type nAChR [56] . This dynamic hydrogen bonding between loop C and loop F upon agonist binding could pull loop F outward toward loop C. The outward movement of loop F is then potentially coupled to loop 2 and M2-M3 linker to pull the channel open.
Although the conformational changes in loops A, D, and E are not observed in the crystal structures of AChBPs in the presence of agonists, mutagenesis and functional studies in intact channels have suggested that loops A, D, and E are also involved in channel gating. For example, mutation(s) of εW55/δW57 in binding loop D of muscle type nAChR dramatically reduces channel opening rate [57] . Mutations of α7W55 in homomeric α7 nAChR alter channel gating kinetics, with slowed desensitization [58] . In the case of the ρ1 GABA C receptor, a mutation of the homologous residue (Y102S) in loop D created spontaneously opening channels [59] , further suggesting the importance of this aro- matic residue in loop D in initial conformational changes induced by an agonist. Similarly, in the ρ1 GABA C receptor, a mutation (F146C) in loop A and a mutation in loop E (Q160C) also create spontaneously opening channels [60] . Unlike AChBP, the amino-terminal domain of a cys-loop receptor is coupled to transmembrane domain. It is likely that in the resting state, the conformation of the amino-terminal domain is different from the resting state of the soluble AChBP protein. Thus, it is understandable that in an intact cys-loop receptor, these three binding loops also undergo conformational rearrangement during channel function. This possibility is further supported by the site-specific fluorescence monitoring during channel activation. For example, in the ρ1 GABA C receptor, GABA-induced fluorescence change was detected in loop E (L166C) and in the top of the receptor (S66C), which can be partially (in L166C) or completely (in S66C) blocked by non-competitive antagonist picrotoxin [61] . In summary, it appears that all six loops have some contributions to the channel gating, which involves global conformational change in the receptor. It is likely that the coordinated movement of all six binding loops cause inner sheet rotation.
Conformational changes in the gating machinery EM imaging of the Torpedo nAChR in the open state with 9 Å resolution showed that channel opening involves a rotation of the pore-lining kinked rod structures [62] . These pore lining rod structure are further confirmed to be second transmembrane domain (M2) by the EM image at 4Å resolution. As mentioned above, kinked M2 domains line the pore and form the channel gate by hydrophobic interaction in the middle of the transmembrane domains. The M2 rotation presumably disrupts the hydrophobic interactions of the gate forming residues and thus widens the pore to allow ions to flow through ( Figure 7A ).
However, two recent studies using the crystal structure of the bacterial proton-gated ion channels, which are bacterial counterparts of the mammalian cys-loop receptor family, have suggested a novel mechanism: pore dilation caused by the tilting of the M2 and M3 domain as a rigid body along the axis parallel to the membrane [63, 64] . The bacterial pentameric ligand-gated ion channel homologue from Erwinia chrysanthemi (ELIC) was apparently crystallized in the resting closed state. The outer segments of the M2 domains of this receptor interact with each other to form a hydrophobic barrier, the channel gate, to prevent ion flux. The bacterial Gloeobacter violaceus pentameric ligand-gated ion channel homologue (GLIC) was crystallized with high proton concentration (low pH) and was apparently in the open state. The major difference in channel domain of the two structures is that the upper part of M2-M3 domains tilts out in GLIC. As a result, the pore diameter in outer half of M2 becomes larger for ion conduction, and the intracellular end of the pore becomes smaller for ionic selectivity and single channel conductance ( Figure 7B, 7C) . Thus, the activation for bacterial ligand-gated ion channel involves mainly tilting of M2-M3 as a rigid body in the channel domain. Now, the question is whether this activation mechanism is also applicable to mammalian cys-loop receptors. In the nAChR, although high resolution structural model in the open state is still not available, single channel analysis of protonation scanning of pore lining domain suggests that M2 rotation in the open state is minimal, supporting the pore dilation mechanism [65] . Although this mechanism in the cys-loop receptors needs to be further validated with other approaches, the gating mechanism of this receptor family is likely to be conserved across species.
Coupling between amino-terminal domain and the gating machinery As mentioned above, coupling between binding and gating domains requires matching of three loops (loop 2, loop 7/cys-loop, and loop 9/loop F) from the amino-terminal domain and one loop (M2-M3 linker) from the transmembrane domain [43] and pre-M1 and the beginning of M1 [44] . Since M2-M3 linker is not conserved across the entire cys-loop receptor family, detailed coupling residues could vary depending on subfamilies, although the general mechanism is likely to be conserved. In muscle type nAChR, αV46 in loop 2 is coupled to S269 and P272 in the M2-M3 linker, whereas αE45 in loop 2 is coupled to R209 in pre-M1 [66] . Since the pre-M1 domain is also directly linked to loop C, the authors believe that loop C capping can directly result in the rotation of the pre-M1, which is coupled to loop 2 and then in turn to M2-M3 linker to open the channel. They proposed that this coupling between pre-M1 and loop 2 serves as the principal activation pathway. However, another study, also using single channel analysis, suggested that the coupling between pre-M1 and loop 2 is relatively weak and thus plays a less important role in channel gating [67] . αP272 in M2-M3 linker is coupled not only to V46 in loop 2 but also to V135 in the cys-loop [68] . The homologous proline in M2-M3 linker of 5-HT 3 R controls channel opening and closing through its backbone cis-trans isomerization [69] . However, this proline is only conserved in nAChRs and 5-HT 3 R. In GABA A receptor, the couplings between loop2/ cys-loop to M2-M3 linker in both α and β subunits are through a charge interaction [70, 71] . However, based on the relative tolerance of charge reversal, neutralization, or introduction in several members of the cys-loop receptor family, Xiu et al concluded that it is the overall charge pattern, but not specific charge interaction, in the coupling interface that controls channel gating in the cys-loop receptor family [72] . The conserved arginine in pre-M1 of GABA A receptor β subunit (R216) also plays a pivotal role in channel activation by both GABA and pentobarbital, suggesting similar coupling mechanism at this level [73] . In the ρ1 GABA C receptor, the same arginine is coupled to E92 in loop 2 [74] .
Concluding remarks
In summary, the amino-terminal binding domain is coupled to the channel gate through an interconnected allosteric network. Both binding pocket and gating machinery have a tendency to close. Thus, they are coupled with a tension, so that the closures of binding pocket and gate are mutually exclusive, unless their coupling is disrupted as in the case of desensitization. In the resting state, the gating machinery has stronger force than the binding pocket to close, so that the equilibrium shifts toward closing of the channel gate and opening of the binding pocket. However, when the gating machinery is loosened, as in the case of hydrophilic mutation in the gate-forming residues, the channel opens spontaneously with simultaneous closure of binding pocket as reflected by increased binding affinity. In the wild type receptor, the closure of the binding pocket, mainly induced by agonist-binding, would alter the energy landscape of the receptor to open the channel. The conformational change in the binding pocket rearranges the interaction between loop C and loop F/cys-loop, which potentially causes an outward movement of both loop F and cys-loop. At the same time, the conformational change of the loop C may also pry the pre-M1 and M1 domain to move outward. This outward motion pulls M2-M3 linker directly (through M1) and indirectly (through pre-M1 and loop 2 coupling). Conformational change also involves rotation of inner β-sheet in amino-terminal domain, probably through coordinated movement of all six binding loops, making loop 2 to move toward periphery. The outward movement of these three loops and pre-M1 and M1 is then coupled to the M2-M3 linker, pulling channel lining M2 to open (more likely causing pore dilation than M2 rotation). The above summary also includes some speculations of the authors. The detailed coupling and gating mechanism still awaits future investigation with functional analysis (especially mutant cycle analysis) combined with real time monitoring of conformational changes during channel activation by fluorescence technique guided with structural models when high resolution crystal structures of mammalian cys-loop receptor are available.
